ABSTRACT. Total glutathione levels and the activity of enzymes associated with antioxidant protection in neonatal lung are increased in response to hyperoxia. GIutathione levels in developing rat lung decreased from 24 nmol/mg protein on day 19 of gestation to approximately 12 nmol/ mg protein at birth. The initial decrease in glutathione may be due to emergence of other antioxidant systems. Newborn rats placed in 100% oxygen showed a rapid and sustained increase in total glutathione levels which was primarily due to an increase in reduced glutathione. Expiants obtained from 16-wk gestation human fetal lung or from 17-to 18-day fetal rat lung also showed increased total and reduced glutathione when cultured in 95% oxygen, 5% CO, as compared with explants cultured in room air. Type 11 cells isolated from neonatal rats maintained in oxygen for 6 days also showed glutathione levels twice those found in cells isolated from animals in room air. The activity of antioxidant enzymes (glucose-6-phosphate dehydrogenase, glutathione peroxidase, glutathione reductase) was increased in lungs of newborn rats exposed to 100% oxygen either at birth or 2 days of age. Antioxidant enzyme activity of lung explants cultured in 95% oxygen, 5% C02 was also higher than in explants maintained in room air. These results suggest that the increases in glutathione and of antioxidant enzymes in vivo and in viiro are a direct effect of oxygen exposure in lung and that the increase of both glutathione and antioxidant enzyme activity is intrinsic to the lung cell itself. It is likely that increases in glutathione in lung represent an important protective mechanism against oxidant injury. Bronchopulmonary dysplasia is a problem of clinical signifi-. cance in newborns treated with high concentrations of oxygen in the course of therapy for the respiratory distress syndrome. While it is likely that factors such as positive pressure ventilation (1) and patent ductus arteriosis (2) play an important role in. chronic lung disease in newborns, the duration and intensity o i oxygen exposure is thought to be a central etiological feature of bronchapulmonary dysplasia (3). The sequence of injury result-. ing initially in lung injury has been well described (4, 5) . It has been postulated that highly reactive free radicals of oxygen such as the superoxide anion (02-.) may cause tissue injury by direct peroxidation of unsaturated fatty acids in membranes and alsc~ by oxidation and inactivation of enzymes and other cell constit-, uents essential for cell function. This results in membrane dam-. age with transudation of fluid and formed elements into alveoli and the sequence of injury characterized by fibrosis and chronic clinical impairment.
ABSTRACT. Total glutathione levels and the activity of enzymes associated with antioxidant protection in neonatal lung are increased in response to hyperoxia. GIutathione levels in developing rat lung decreased from 24 nmol/mg protein on day 19 of gestation to approximately 12 nmol/ mg protein at birth. The initial decrease in glutathione may be due to emergence of other antioxidant systems. Newborn rats placed in 100% oxygen showed a rapid and sustained increase in total glutathione levels which was primarily due to an increase in reduced glutathione. Expiants obtained from 16-wk gestation human fetal lung or from 17-to 18-day fetal rat lung also showed increased total and reduced glutathione when cultured in 95% oxygen, 5% CO, as compared with explants cultured in room air. Type 11 cells isolated from neonatal rats maintained in oxygen for 6 days also showed glutathione levels twice those found in cells isolated from animals in room air. The activity of antioxidant enzymes (glucose-6-phosphate dehydrogenase, glutathione peroxidase, glutathione reductase) was increased in lungs of newborn rats exposed to 100% oxygen either at birth or 2 days of age. Antioxidant enzyme activity of lung explants cultured in 95% oxygen, 5% C02 was also higher than in explants maintained in room air. These results suggest that the increases in glutathione and of antioxidant enzymes in vivo and in viiro are a direct effect of oxygen exposure in lung and that the increase of both glutathione and antioxidant enzyme activity is intrinsic to the lung cell itself. It is likely that increases in glutathione in lung represent an important protective mechanism against oxidant injury. (Pediatr Res 19:819-823, 1985) Bronchopulmonary dysplasia is a problem of clinical signifi-. cance in newborns treated with high concentrations of oxygen in the course of therapy for the respiratory distress syndrome. While it is likely that factors such as positive pressure ventilation
(1) and patent ductus arteriosis (2) play an important role in. chronic lung disease in newborns, the duration and intensity o i oxygen exposure is thought to be a central etiological feature of bronchapulmonary dysplasia (3) . The sequence of injury result-. ing initially in lung injury has been well described (4, 5) . It has been postulated that highly reactive free radicals of oxygen such as the superoxide anion (02-.) may cause tissue injury by direct peroxidation of unsaturated fatty acids in membranes and alsc~ by oxidation and inactivation of enzymes and other cell constit-, uents essential for cell function. This results in membrane dam-. age with transudation of fluid and formed elements into alveoli and the sequence of injury characterized by fibrosis and chronic clinical impairment.
Protective mechanisms against oxidant injury included SOD and the biological systems associated with glutathione or chem-. ical antioxidants such as a-tocopherol. SOD catalyzes the dis-. mutation of the superoxide anion 0 2 -to H202 and 02. The: H202 thus formed can be removed by either catalase or glutathi-. one peroxidase. SOD is found in all cells which sustain aerobic: metabolism and appears to be a first line defense against oxidanl. damage. In the glutathione system, GSH provides reducing equivalents necessary for the removal of hydrogen peroxide and perhaps other toxic membrane lipid hydroperoxides through the: action of glutathione peroxidase. GSH is replenished from GSSG by glutathione reductase using NADPH generated by enzymes such as G6PDI-1. These reactions are linked in concerted fashion to maintain a relatively high GSH/GSSG ratio which ultimately protects the cell from damage from hydrogen peroxide and lipid hydroperoxides. Both SOD and enzymes involved with glutathione function show increases in activity is1 response to hyperoxia (6) in lung tissue.
The purpose of the present investigation was to determine the sensitivity of glutathione as an indicator of oxidant exposure in lung in comparison to enzymes associated with antioxidant protection. We also compared in vivo and in vitro responses of these antioxidant systems in neonatal rats, lung explants, and alveolar type I1 cells.
METHODS
Animals. Timed 19-day pregnant Sprague Dawley rats were obtained from Holtzman (Madison, WI). Newborns were placed in plexiglass boxes flushed with 100% oxygen for 6 days and untreated litters were maintained in room air. Nursing dams of O2 exposed litters and control litters were exchanged every 24 h due to the toxic effects of O2 on the adult rats. The animals were killed by decapitation, and the fetuses removed rapidly and placed on ice. Litter number in O2 and room air treatment groups were equalized to avoid any influence of litter size. The lungs were washed free of blood with chilled Krebs-Ringerphosphate buffer and subsequently prepared for biochemical studies or for explant culture. Hemoglobin content and the content of red blood cell glutathione was negligible against the background of lung glutathione. For glutathione and enzyme studies, lung tissue was pooled and homogenized (1:10 w/v dilution) in 50 mM potassium phosphate buffer, pH 7.8, with a Teflon glass homogenizer. The crude homogenate was centrifuged at 700 xg for 10 min to sediment nuclei and cell debris. A cytosol fraction was prepared by centrifugation at 18,000 x g and subsequent recentrifugation of the supernate at 100,000 x g for 60 min. Aliquots were frozen for later analysis; glutathione was measured immediately.
Tissue culture. For experiments utilizing lung explants, fetuses were obtained from 18-to 19-day pregnant rats. The lungs were removed after decapitation of the fetus, washed in Krebs-Ringerphosphate buffer, and minced into 0.5-1.0 mm cubes using a McIlwain tissue chopper. Lung explants were then cultured in Waymouth's MB 75211 containing 100 mg/liter gentamicin and 10% fetal calf serum at 37" C in humidified atmosphere in either 95% 02, 5% COz or in room air, 5% COz in sealed chambers. Human fetal lung explants were cultured under the same conditions. These materials were obtained from midtrimester (12-18 wk postconceptional gestational age) human abortuses delivered electively by dilation and extraction. Tissues were obtained under the auspices of the Donors Anatomical Gift Act of the State of Texas after obtaining consent in writing from the woman undergoing abortion. The consent form as well as the experimental protocol were approved by the Human Research Review Committee of the University of Texas Southwestern Medical School. Five to seven explants (approximately 1 mg protein) were placed in each 35 mrn dish as described by Gross et a(. (7) , and the tissue culture media was changed daily.
Type I1 cells were prepared from 02-exposed and untreated rats by a modification of the method of Mason ef a/. (8) as described in detail elsewhere (9) . Heparin sulfate (6 units/g) was injected intraperitoneally into 6-day-old rats 20 min prior to sacrifice. Neonatal rats were killed by cutting the abdominal aorta and the lungs were perfused with PBS to remove blood. The lungs were then lavaged at least four times until lavage fluid was clear with 7-10 ml of cold PBS containing 10 /*g/ml BaS04 to permit removal of macrophages during the subsequent gradient centrifugation. The lungs were filled with 2-3 ml of 0.2% trypsin plus 10 ,xg/ml DNase in PBS and incubated for 20 min at 37" C. The trypsin solution was withdrawn and the lungs refilled with 0.1% trypsin inhibitor plus 10 pg/ml DNase after 5 min. The tissue was minced using a Mcllwain chopper and again incubated with the trypsin inhibitor plus DNase after filtering through graded nylon meshes (I 10. 4 1, and 15 p). The cells in trypsin inh~bitor PBS (20 ml) were layered on a discontinuous albumin gradient with refractory indices of 1.36, 7 ml; 1.35, 10 ml and 1.34, 5 ml. After centrifugation at 190 x g for 15 min at 4" C, the cell fraction containing type I1 cells was collected from the interface of the 1.350 and 1.360 layers. The type I1 cells were further purified by differential adherence to plastic in minimum essential medium containing 10% fetal calf serum. Cells isolated under these conditions show greater than 95% viability as determined by Trypan blue exclusion. Approximately 3.0 -4.5 x lo6 cells per lung are obtained from air and 2.0 x lo6 from O2 treated groups.
As~ays. T o~a l and reduced glutathione were measured as described by Griffith (10). G6PDH was assayed using the method of Lohr and Waller (1 1). SOD was determined by the method of Ysebaert-Vanneste and Vanneste (12) by measuring the inhibition of xanthine-xanthine oxidase reduction of ferricytochrome C. Glutathione reductase was monitored spectrophotometrically as described by Carlberg et ai. (13) and glutathione peroxidase was determined by the method of Paglia and Valentine (14) . Protein concentration was measured by the method of Lowry et al. (15) with bovine serum albumin as a standard. Rat pups were maintained in room air (0) or placed in O2 at birth (A) or at 2 days of age (0). A shows GSH plus GSSG: B, GSH; C, glutathione disulfide; D, GSH/GSSG ratio. Values given are the means + SEM of three experiments.
RESULTS
Glutathione status in developing lung. The glutathione content of rat lung was measured from day 1 9 o f fetal development through the 6th postnatal day. Developmental changes in lung glutathione content and changes in glutathione status in response to hyperoxia are shown in Figure 1 ,4-0. As is shown in Figure  IA , total glutathione (GSI-1 and GSSG) decreased from day 18 of gestation to the time of birth and then remained constant at approximately 11-14 nmol/mg protein for the next 6 days in the lungs of rat pups in room air. Pups placed in 100% O2 at birth or at 2 days of age showed a rapid increase in lung glutathione content (Fig. 1,4) . This increase was due primarily to an increase in GSH concentration. Glutathione disulfide content increased postnatally and was the same in air-and 02-treated groups except that some litters exposed to O2 on day 2 showed higher GSSG by 6 days of age as compared with controls in air ( Fig. la. The ratio of GSH/GSSG in the room air group declined postnatally (Fig. 1 D) but remained high in the animals placed in O2 at birth. The ratio showed a rapid increase when animals were placed in oxygen at 2 days of age again reflecting the increase in lung GSH content after O2 exposure. Only after 48 h of O2 exposure did the GSH/GSSG ratio begin to decrease. Table 1 shows the change in glutathione content of explants obtained from fetal human lung. For these experiments, explants obtained were maintained in 95% air, 5% C 0 2 or 95% 02, 5% COz for 72 h. Total glutathione (GSH plus GSSG) content increased from 14.2 to 26.7 nmol/mg protein in the O2 environment. This result was primarily due to an increase in GSH with a concomitant increase in the GSH/GSSG ratio.
The glutathione content of type 11 cells prepared from neonatal rats maintained in 100% O2 from birth to 6 days of age was also 2-fold larger (0.59 nmo1/5 x lo6 cells) in animals maintained in oxygen for 6 days compared with room air controls (0.26 nmol/ 5 x 106 cells) ( Table 2 ). Because of limited amounts of cells available for these experiments, only the total glutathione (GSH plus GSSG) content was measured.
We also examined the influence of hyperoxia on the activities of enzymes associated with the glutathione status of the lung; namely, G6PDH, glutathione reductase, and giutathione peroxidase. Figure 2A shows the developmental pattern of G6PDH in newborn rats placed in oxygen either at birth or 2 days of age as compared with animals in room air. G6PDII activity of newborns placed in O2 was consistently higher that that of room air controls.
The specific activity of glutathione reductase, the enzyme Fig. 2 . A-C, effects of hyperoxia on G6PDII, glutathione reductase, and glutathione peroxidase activities of neonatal rats. Rat pups were placed in 100% O2 at birth or at 2 days of age. Room air (9); 0 2 at birth (A); 0, at 2 days of age (0). Conditions are as described in the text. Culture   Fig. 3. A and B , effect of hyperoxia on G6PDH and glutathioile reductase in lung explants from 18-day gestation fetal rat lung. 95% 02, 5% COz (0); room air, 5% COz (9). Conditions are as described in the text.
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responsible for maintaining GSH in the cell, showed a pattern similar to G6PDH in response to hyperoxia (Fig. 2B) . The postnatal activity of the enzyme was elevated in newborns exposed to O2 at birth or 2 days of age compared with room air controls. A similar profile was observed for glutathione peroxidase for 02-exposed pups (Fig. 26) .
Explants cultured from 18-day fetal rat lung and cultured in 95% air, 5% C 0 2 for 5 days and then exposed to 95% O2 5% C 0 2 also showed a sharp increase in G6PDII activity after 72 h of exposure as compared with room air controls (Fig. 3A) . Neonatal rat lung explants cultured under 95% 0 2 , 5% C 0 2 also exhibited increased glutathione reductase over 72 h of O2 exposure (Fig. 3B) . Although not presented a similar pattern was observed for glutathione peroxidase and SOD.
In a study of the activity of selected enzymes involved in antioxidant protection in adult rat lung Kimbell er ul. (16) showed oxygen-associated increases in glutathione peroxidase, glutathione reductase, and G6PDH. The concentration of GSH increased approximately ?-fold over 14 days of exposure to 95% 0 2 . Glutathione is also increased in perfused adult rat lungs exposed to oxidant stress (1 7). Cellular defenses against oxidant injury include the antioxidant enzymes SOD, the glutathione system, and a-tocopherol (3). Developmental changes in pulmonary antioxidant systems have been well documented (18-2 1). Our previous work (6) has demonstrated increases in glutathione reductase, glutathione peroxidase, and SOD in lung of newborn rabbits exposed to 100% oxygen for 72 h. These animals were maintained on an artificial diet and were likely vitamin E deficient. Administration of pharmacological amounts of vitamin E to rabbits maintained at 100% oxygen blunted the oxygendependent increase in antioxidant enzyme activity, likely by providing suficient antioxidant protection to limit the stimulus for the adaptive increase of the antioxidant protective enzymes (6) .
While there has been considerable work on antioxidant enzymes during lung development, relatively little is known of the glutathione response in developing lung. In the present study, we demonstrated a brisk and rapid increase in glutathione levels in tissues obtained from oxygen-exposed neonatal rats and after in vitro oxygen exposure of explants and cells. These changes in GSH likely relate to an increase in de novo synthesis in lung of GSH (Saito K, Warshaw J; unpublished observation), as well as to maintenance of the high GSH/CSSG ratio through the concerted activities of G6PDH and glutathione reductase. The increase in total glutathione after exposure of newborn rats to 100% O2 or culture of lung explants in 95% O2 occurred rapidly and was primarily due to an increase in GSH. Our data showing oxygen induced increases in GSEl levels and in glutathione peroxidase and reductase activity of newborn rats are in agreement with those reported by Yam et al. (20) . We also found increased activity of enzymes linked to the glutathione system. G6PDH activity of animals maintained in oxygen as well as activity of explants grown in oxygen showed a rapid and sustained increase in specific activity during oxygen exposure. NADPH generated by G6PDH provides reducing equivalents for the reduction of GSSG to GSH by glutathione reductase. In a reaction catalyzed by glutathione peroxidase, GSH provides substrate for the reduction of damaging lipid peroxides in membranes.
The strategy of the cell appears to be directed toward maintaining a high GSH to GSSG ratio (22, 23) . Our data indicate that in neonatal lung exposed to hyperoxic stress, there is a concerted increase in the activity of enzymes responsible for maintenance of glutathione in the reduced state, as well as an absolute increase in the intracellular concentration of glutathione itself. The nature of the stimulus responsible for increased levels of GSH in lung is unclear. Since the initial response to hyperoxia is directed toward maintaining high concentrations of GSH relative to GSSG, a decrease in GSH to GSSG ratio could stimulate increasd glutathione production under conditions of hyperoxia. In our study, newborn animals maintained in oxygen for more than 48 h showed a decrease in the GSEI to GSSC ratio (Fig. ID) , possibly indicating that the capacity for continued synthesis of glutathione and its maintenance as GSH was limited under prolonged conditions of oxidative stress.
Loss of GSSG from the cell may also lead to increased synthesis of glutathione (24) . y-Glutamyl transpeptidase: one of the enzymes associated with glutathione degradation, also increases in activity in neonatal lung in response to oxidant stress (Saito K, Warshaw J, unpublished observations), so that increased glutathione degradation may provide another mechanism for removal of GSSG from the cell. GSSG excretion into the bile was shown to be a sensitive index of oxidative stress in vivo (24) . Loss of glutathione by this route would increase requirements for GSH synthesis and maintenance of high levels of the reduced form of this compound.
Bucher and Roberts ( 18) reported a slowing of alveolar development during hyperoxia including a decrease in lung DNA content. We have reported similar results relating to lung growth of hyperoxic animals (25) . Since proliferative growth has been associated with increases in G6PDH activity (26) , it would appear that in the case of growth-restricted lungs of oxygen-treated animals that the increasc in G6PDH activity may be utilized to support antioxidant systems, rather than for synthetic processes such as fat or nucleotide synthesis.
We observed somewhat similar responses of antioxidant systems in vivo or in lung explants. Glutathione levels, as well as activity of antioxidant enzymes, increased in both systems in response to hyperoxia. Although O2 exposed and room air cultured explants did not show histological differences, it is possible that some of the differences observed reflected relative hypoxia of room air exposed explants as well as induction of enzyme activity by oxygen. Type I1 cells obtained from oxygen-treated neonatal rats showed higher levels of glutathione after their isolation than cells obtained from animals maintained in room air. Since changes in both glutathione and in antioxidant enLymes were found in lung explants as well as after In vlvo Oz exposure, it does not appear that the changes observed are due to a general endocrine response as for example glucocorticosteroids. The brisk and rapid increase in the GSH content observed in explants and total glutathione levels of type 11 cells obtained from oxygen-treated rats suggests that this response is intrinsic to lung itself and not rciated to synthesis of glutathione in liver or to a signal from another organ or cell type elsewhere in the body.
